ABSTRACT The radiation performance of orbital angular momentum (OAM) vortex waves (OAMVWs) generated by reflective metasurface is comprehensively investigated. According to different incident sources, the issue is classified into two cases, namely, the plane-wave incidence and the focused incidence. In both cases, the radiation performance deteriorates with the increasing of topological charge l. Moreover, the largest l that can be generated is limited by the scale of the metasurface. In addition, a detailed analysis reveals that phase quantization affects the lobe levels of OAMVWs but has no influence on the divergence angle of the main lobe. Nevertheless, for the case of plane-wave incidence, 1-bit phase quantization method is not able to generate OAMVWs in normal direction and will cause grating lobe when the beam scans. Meanwhile, the grating lobe carries OAM with opposite l against the main lobe. Finally, a focused-feed metasurface based on 1-bit phase quantization is simulated and measured. The simulation and measurement results show that OAMVW with topological charge l = 1 is successfully generated and detected, validating the effectiveness of phase quantization method in OAMVW generation. It is worth to point out that phase quantization is highly promising in electronic-controlled reconfigurable OAMVW generation.
I. INTRODUCTION
Orbital angular momentum (OAM) was firstly discovered in light beams in 1992 [1] . Since then, OAM vortex waves (OAMVWs) have attracted tremendous interests [2] - [5] . In 2007, the concept of photon OAM was extended to microwave frequency bands and a simulation to generate OAMVWs utilizing phased array antennas (PAA) was conducted for the first time [6] . Hereafter, Mohammadi et al. [7] systematically studied the generation of OAMVWs utilizing PAA in 2010. Besides PAA (usually circular array), other techniques such as spiral phase plate (SPP) [8] , holographic plate [9] , and circular traveling-wave antenna [10] , [11] were also used to generate OAMVWs in radio bands.
Quite recently, metasurfaces, which are noteworthy in virtue of their powerful manipulation of electromagnetic waves, have also been introduced to the field of OAMVWs. Since 2011, when metasurface was first used in generation of optical vortices [12] , various metasurfaces have been proposed to generate OAMVWs [13] , [14] . Based on the reflectarray theory, Yu et al. [15] proposed to use reflective metasurface to generate OAMVWs in radio bands. In the following research, multiple-beam OAMVWs [16] and dualpolarization-dual-mode OAMVWs [17] were also successfully generated. Although the OAMVWs generation has been extensively studied, a systematic investigation of the radiation performance of OAMVWs generated by metasurface is barely reported. Furthermore, the current metasurfacebased OAMVWs generation mainly focuses on the research of metasurface with continuous reflection phase. In fact, the phase quantization method has been widely used in reflectarray antennas [18] , [19] , which is more advantageous in reconfigurable designs. However, further work is still needed to explore the generation of OAMVWs using phasequantized metasurfaces.
In this paper, a comprehensive study of the radiation performance is carried out for the metasurface-based OAMVWs, including the divergence angles, lobe levels, scanning features and the phase quantization effects. The paper is organized as follows. The radiation performance of planewave-incidence case and focused-incidence case is discussed in Section II and III, respectively. Full-wave simulation and experimental measurement of a reflective metasurface based on 1-bit quantization method for focused-incidence case are presented in Section IV. Finally, the conclusions are drawn in Section V.
II. RADIATION PERFORMANCE OF PLANE-WAVE-INCIDENCE CASE
According to the different excitation sources, the OAMVW generation based on reflective metasurface can be classified into two cases, as shown in Fig.1 . The source of Case1 is a plane wave, while the source of Case2 is a spherical wave irradiated from a feed antenna (e.g. a horn antenna). The mathematic models for both of the cases are established, based on which the radiation performance of OAMVWs is analyzed utilizing calculation tool Matlab. For Case1, it can be essentially equivalent to a scattering model. The scattered electric field can be calculated by [20] where
in which θ inc is the incident angle of the plane wave. In the following discussions, we assume θ inc = 0. cos q e θ is used to fit the radiation pattern of the element and q e is 1 unless otherwise specified. | mn | represents the reflection magnitude of the mn th element and is assumed to be 1. kr fmn is the phase introduced by the different incident path of the mn th element and it is a constant under the normal incidence so that it is not shown in Fig. 1(a) . r mn denotes the position vector of the mn th element andû is the unit direction vector. The required phase delay of the mn th element ϕ mn is designed to set the main beam in theû 0 direction. Obviously, to generate an OAMVW in theû 0 direction, the phase delay ϕ mn is supposed to satisfy
where mn denotes the azimuth angle of the mn th element and l is the topological charge of the OAMVW.
A. INFLUENCE OF TOPOLOGICAL CHARGE L
Considering a reflective metasurface composed of 30 × 30 elements, the element size is 15mm and the working frequency is 6GHz.û 0 = (0, 0, 1) is set to be the main beam direction. The phase delay ϕ mn for l = 1 calculated by (3) is shown in Fig.2 (a) . It can be seen that the phase delay varies linearly with the azimuth angle of the element and the phase variation in a circle equals to 360 • . Once ϕ mn is obtained, the scattered field can be computed by (1) . Fig.2 (b) shows the normalized three-dimensional radiation pattern in uv-plane (u = sinθ·cosϕ, v = sinθ ·sinϕ). As expected, an energy null, which is caused by the phase singularity, is clearly observed in the center of the doughnut-like main beam. To investigate the influence of topological charge l, the two-dimensional radiation patterns with different l are depicted in Fig.3 . Note that all patterns are normalized to that of l = 1 in order to compare the lobe levels directly. For clarity, we define some parameters as follows: ML for main lobe, SL0 for the side lobe appearing between the radiation peaks and the energy null, SL1 for the maximum side lobe, and DA for divergence angle, which equals to the angle of the two radiation peaks of the main lobe. These parameters are listed in Table 1 . It is found that ML declines and DA grows with the increasing of l in varying degrees. Moreover, SL0 appears for l = 5, which is not observed for l = 1 and l = 3. On the other hand, the corresponding radiation phase distributions in main lobe domain in uv-plane are depicted in Fig.4 . It is obvious that the phase map with larger l is less standard. The trend that performance deteriorates with the increasing of l is simultaneously observed in both radiation patterns and phase distributions. To explain this phenomenon, we qualitatively introduce a concept of phase resolution to represent the recognizability of the phase periodicity. As shown in Fig.5 , the phase delays with different l rotate with the azimuth angle periodically. The area where the periodicity of phase delay can be easily recognized is called the high-phase-resolution area (HPRA) in this paper. Otherwise, it is called low-phase-resolution area (LPRA). Apparently, the LPRA spreads from the center to the periphery of the metasurface with the increasing of l. The spread of LPRA worsens the radiation performance, including the radiation patterns and phase distributions. For a fixed metasurface, when LPRA is large enough, it will not be able to generate OAMVW. For example, a 10×10 elements metasurface is able to generate OAMVW with l = 1 but cannot generate OAMVW with l = 20, which can be seen from the phase distributions shown in Figs.6 (a) and (b). The reason is that the phase resolution of l = 1 is much higher than that of l = 20 as shown in Figs.6 (d) and (e). While OAMVW with l = 20 is successfully generated by metasurface with 100×100 elements as shown in Fig.6 (c) because LPRA is rather small compared with HPRA as shown in Fig.6 (f) . Hence, the largest topological charge l that can be generated is limited by the scale of the metasurface. Whether there exists the quantitative relationship remains to be explored. 
B. PHASE QUANTIZATION EFFECTS ON OAMVW
The phase quantization effects on OAMVWs are studied in this paper. The P-bit (P = 1, 2, 3. . .) quantization is to equally divide a phase periodicity (e.g. from 0 • to 360 • ) into 2 P subdivisions and the continuous phase within each subdivision is assigned to be a discrete phase. The difference between two neighboring discrete phases is 360 • /2 P . Thus, the quantized phase delay ϕ mn | P−bit can be computed by
where ϕ 0 is the discrete phase of the first subdivision. The value of ϕ 0 is not a determining factor for radiation performance. What indeed matters is the difference between the neighboring discrete phases. In the following discussion, ϕ 0 is assigned to be the median of the first subdivision.
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The continuous phase delay shown in Fig.2 (a) is transformed to the discrete phase delays depicted in Figs.7 (a), (b) and (c) after being processed by (4) . These discrete phases essentially constitute a gradient phase distribution around the center of the metasurface. Each arrow in Figs.7 (a), (b) and (c) represents a phase gradient and there are 2 P gradient phases in total for P-bit phase quantization. It is worth to mention that the gradient reflective phase has already been used to generate OAMVWs [21] , but the relationship with phase quantization was not mentioned. In addition, the quantization error ϕ mn defined as ϕ mn = ϕ mn − ϕ mn | P−bit , are depicted in Figs.7 (d) , (e) and (f), which varies between −180 • /2 p and 180 • /2 p and shows periodicity around the center. Fig.8 shows the radiation patterns of continuous phase delay and P-bit (P = 1, 2, 3) quantized phase delay. The patterns are normalized to continuous one and the related parameters are listed in Table 2 . It can be seen that the 2-bit and 3-bit patterns agree well with that of continuous phase delay but with a slight main lobe loss of 0.1dB. The existence of quantization error raises the side lobes, resulting in the main lobe loss. It is of great importance to point out that the divergence angle remains the same whether the phase delay is quantized or not. Besides, no SL0 appears for 2-bit and 3-bit quantization patterns. On the other hand, for 1-bit phase quantization, the energy level is quite low in ϕ = 0 • plane. While in the orthogonal plane (ϕ = 90 • ) there are two scattering peaks (not shown in the figure), which is in accordance with artificial magnetic conductor-perfect electric conductor (AMC-PEC) structure. This phenomenon is attributed to the inexistence of phase gradient in ϕ = 0 • (xoz) plane as shown in Fig.7 (a) . While in the orthogonal (yoz) plane there exists a phase gradient, causing the beam splits into two peaks. The radiation phase distributions of the metasurface with quantized phase delay are shown in Fig.9 . It is obvious that the 1-bit quantization method cannot generate OAM. While for 2-bit and 3-bit quantization method, the OAM with topological charge l = 1 is successfully generated. Moreover, according to the calculations, the radiation patterns and spatial phase distributions always agree well with each other for metasurface with continuous phase delay and 2-bit or 3-bit quantized phase delay no matter what value l is, indicating that the bit number is independent with l. This is different from the uniform circular array (UCA) antenna, where the largest topological charge l depends on the number of the element antennas. However, the largest l that can be generated, as mentioned before, is still limited for a fixed metasurface, regardless of being quantized or not. The beam scanning performance is one of the most pivotal properties of array antennas. Fig.10 depicts the radiation patterns pointing to θ = 30 • , 60 • , respectively, where l = 1. It is observed that for 1-bit quantization, grating lobe appears in the mirror direction. While the radiation patterns of 2-bit and 3-bit phase quantization agree well with that of continuous phase delay. It can also be seen that DA is enlarged with the increasing of scanning angle but still keeps the same for continuous phase delay and quantized phase delay. Nevertheless, the two peaks of the main lobe become unbalanced when the beam is steered to a certain angle, which is caused by the slope of the element pattern in the corresponding direction. The radiation parameters are listed in Table 3 , in which GL represents the grating lobe. Note that the values of ML are for the higher peaks of the main lobes. The nearly 2dB main lobe loss of 1-bit quantization is much larger than that of 2-bit and 3-bit phase quantization, of which the main lobe losses are 0.4dB and 0.1dB, respectively. VOLUME 6, 2018 FIGURE 12. The intensity and phase distributions of OAMVW steered to 60 • generated by reflective metasurface with continuous and quantized phase delay for topological charge l=1. The main lobes are circled in black.
The radiation patterns and the corresponding radiation phase distributions in uv-plane are depicted in Fig.11 and Fig.12 , respectively. It is observed that the main lobe (circled in black) still carries OAM when steered to offset direction and the topological charge l remains unchanged. It is interesting that for 1-bit phase quantization, the main lobe and grating lobe both carry OAM but the topological charges are opposite, namely l = 1 for main lobe and l = −1 for grating lobe. This phenomenon is beneficial to the generation of multiple-beam OAMVWs based on reflective metasurface. It is worth to mention that the topological charges in the above examples are all 1 but the conclusion still works with other values of l.
III. RADIATION PERFORMANCE OF FOCUSED-INCIDENCE CASE
Although it is effective to generate OAMVW by metasurface under plane wave incidence, it is not easy to excite plane wave. On the contrary, the focused feed antenna setup (Case2 shown in Fig.1 ) is more feasible in practical application so that the analysis for Case2 is necessary.
For Case2, the radiation field can be calculated by
A mn e −jkr fmn e jϕ mn e jk r mn ·û
where A mn = cos q f θ fmn · cos q e θ emn · | mn | r fmn (6) in which θ fmn denotes the θ quantity of the mn th element in the feed coordinate and θ emn represents the θ quantity of feed in the local coordinate of mn th element, which equals to θ fmn in the scene of primary feed. q f is set to be 6.5 to fit the radiation pattern of the feed. The other parameters are the same with Case1. The difference lies in that kr fmn is a variable depending on the incident path of each element in Case2 but a constant for all elements in Case1. Thus, the phase delay of each element to generate OAMVW also satisfies (3). Table 4 . The maximum side lobe SL1 for l = 3 and l = 5 is not listed in the table because the fluctuation of side lobes becomes quite small. As being mentioned in Case1, ML declines and DA grows with the increasing of l. SL0 appears for l = 5, too. The radiation phase distributions of the main lobes in uv-plane are shown in Fig.15 . It can be seen that the vortex waves carrying OAM with topological charge l = 1, 3, and 5 are successfully generated. Nevertheless, the radiation phase distributions are distorted in different degrees. The deteriorations of radiation patterns and phase distributions with the increasing of l are attributed to the same reason with Case1. In addition, the conclusion that the largest topological charge l that can be generated is limited by the scale of the metasurface is also applicable to Case2. Fig.16 illustrates the quantized phase delay and the corresponding quantization error in Case2 for l = 1. The quantization method is the same with Case1. It can be seen that the phase delay still shows helical appearance after being processed by (4) . The quantization error ϕ mn varies between −180 • /2 p and 180 • /2 p , which is the same with Case1. It is also found that the phase error shows ''pseudorandom'' distribution [22] , which is different from the period distribution in Case1.
B. PHASE QUANTIZATION EFFECTS ON OAMVW
The radiation patterns of continuous phase delay and quantized phase delay are depicted in Fig.17 . The major difference with Case1 is that the 1-bit pattern of Case2 is generally in accordance with the other patterns. Table 5 lists the correlative parameters. The main lobe losses for 1-bit, 2-bit and 3-bit quantization are 2dB, 0.4dB and 0.1dB, respectively. The phase error of 1-bit quantization is the largest so that the side lobes of 1-bit pattern are much higher than that of the others, resulting in the maximum main lobe loss. In addition, VOLUME 6, 2018 the divergence angle is not affected by phase quantization. According to the radiation phase distributions of the main lobes shown in Fig.18 , OAMVWs are successfully generated, including the 1-bit quantization pattern, which is different from Case1.
The radiation patterns pointing to 30 • and 60 • are shown in Fig.19 and the corresponding radiation parameters are listed in Table 6 . It is observed that no grating lobe appears in the radiation pattern, even for 1-bit quantization method, which is different from Case1. The divergence angle is enlarged and the two peaks of the main lobe become unbalanced when steered to offset direction as being mentioned in Case1. Moreover, the phase quantization does not affect the divergence angle and the main lobe loss of 1-bit pattern is still the maximum.
The radiation patterns and phase distributions in uv-plane are shown in Fig.20 and Fig.21 . Obviously, the side lobes of 1-bit pattern are much higher than that of the other patterns. These side lobes are suppressed significantly in patterns of larger bit numbers. The pattern of 3-bit quantization is very close to the continuous one since the 3-bit quantization error is rather small. On the other hand, the radiation phase distributions show that OAMVWs with l = 1 are all successfully generated in offset direction.
IV. EXPERIMENTAL VERIFICATION
To demonstrate the effectiveness of phase quantization method in OAMVWs generation, a reflective metasurface for Case2 with topological charge l = 1 was designed, simulated and fabricated based on 1-bit quantization method. The metasurface consists of two kinds of elements shown in Figs.22 (a) and (b) . The substrate of the elements is F4B (ε r = 2.65) with the thickness of 3mm. Both of the '0' and '1' elements have a metallic ground on the bottom surface of the substrate. The sizes of metallic patches on the top surface are 11mm and 15mm for '0' and '1' elements, respectively. The periods of the unit cells are both 15mm. The periodic boundary and Floquet port provided by Ansoft HFSS 14 were utilized to simulate the reflection property of the elements. It can be seen that the reflection phase is 0 • at 6GHz for '0' element and remains 180 • for '1' element.
According to the phase delay shown in Fig.16 (a) , the above two kinds elements are arranged in a 30×30 array to constitute the metasurface as shown in Fig.23 (a) . The dimension of the metasurface is 450mm×450mm×3mm. It must be pointed out that the two discrete phases in Fig.16 (a) are 90 • and 270 • while the reflection phases of the designed elements are 0 • and 180 • . As being mentioned before, the value of ϕ 0 is not a determining factor. 0 • and 180 • reflection phases are selected because the 180 • reflection element is totally covered by metallic patch, which is quite simple to design and is beneficial to accelerate the full-wave simulation. Based on this metasurface model, a prototype was fabricated utilizing printed circuit board (PCB) technology and experimentally measured in anechoic chamber as shown in Fig.23 (b) . A horn antenna was used to feed the metasurface. The distance between the horn antenna and the metasurface satisfied that the focal diameter ratio was 0.75. A standard measuring probe was located 3m away from the metasurface to detect the reflected electric field. The probe scanned in a sampling plane point by point to record both magnitude and phase information. The sampling plane was parallel to the metasurface and the size of the plane was 1m×1m. The distance between two neighboring scanning points was set to be 20mm. In the experiment, the electric field was vertically polarized but horizontal polarization still works because both of the elements are symmetrical in structure.
The full wave simulation and experimental measurement results are depicted in Fig.24 . The doughnut-like magnitude distribution and the helical phase front can be observed in both simulation and measurement results, validating that the OAMVW with l = 1 was successfully generated and detected. The fabricated metasurface demonstrated the effectiveness of phase quantization method in OAMVW generation. It is worth to mention that the phase quantization method is highly promising in electronic-controlled reconfigurable OAMVWs generation.
V. CONCLUSION
In conclusion, the radiation performances of OAMVWs generated by reflective metasurface are investigated for plane-wave-incidence case and focused-incidence case. The influence of different topological charges on radiation is systematically studied. In both cases, the radiation performance deteriorates with the increasing of topological charge l. It is also found that the largest topological charge l that can be generated is limited by the scale of the metasurface. In addition, the phase quantization effects are studied in depth. For plane-wave-incidence case, the 1-bit quantization method is not able to generate OAMVWs in the normal direction and will cause grating lobe carrying opposite l against main lobe when the beam scans. At last, a fabricated reflectarray antenna demonstrates the effectiveness of phase quantization method in OAMVW generation. The analysis of radiation performance of OAMVWs generated by reflective metasurface is to the benefit of research on generation, propagation and reception of OAMVWs. 
